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(3) Sensor devices. 

(57) A sensor device (1) for the analysis of a sample fluid comprises a substrate (2) in a surface of which an 
elongate channel (3) is micromachined. The channel contains a material, such as a starch, agarose, 
alginate, carrageen in or polyacryJic polymer gel, or a biological material.for causing separation of the 
sample fluid as the fluid passes along the channel. Pairs of sensing electrodes (4) are spaced apart 
along the walls of the channel. The biological substance may comprise, for example, a binding, protein, 
an antibody, a lectin, an enzyme, a sequence of enzymes or a lipid. The device may be used, for 
example, for testing blood samples. 
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^'"vention relates to sensor devices, and partly, but not exc.usiye.y. to sensors for use in crnica. 

There is an increasing demand for analytical information in sectors including health care *nH - 
medicine, and in the food, pharmaceutical, bioprocessing agrochemfcal and {Z^Sl^?- „ vetenna| y 
5 ^™«oni,«presen^ 

amboth capital andlabour intensive, and there is evidence thatthey are unSe^temZjif; ^ hl !5° ratones 
For example. in human health care, speed in both the detect ZZ^Z^^^^T, 
d **"* a " d of diseases, and this re^Z^T^Z 

liver and thyroid dysfunction, bone disorders and cardiovascular disease e.^L^ ' ° ' laflnev ' 
It is an object of the present invention to provide an improved sensor device 

Figure 1 is a schematic plan view of a first form of sensor device in accordance with the invention- 
Figure 2 is a schematic pictorial view of the device of Figure 1- invention. 
Figure 3 is a schematic plan view of a second form of sensor device in accordance with the invention- 
Figure 4 • a schematic plan view of a third form of sensor device in accordance the inv^n 
Feure 5 » a schematic plan view of a fourth form of sensor device in accordance with tSe"nSon- and 

Z^ m »S^JTJ^ * circui,ry for pracessing the outpute ° f SST 

-h an • 

of thea^i 8 ^ ? !Hw ePO ? ed 0,6 SUbStratS S ° ^ part of each e,ect "*e extends down the side wail 
If^l «2? ^°i en9th 0f . the 9raove ' 17,6 electrodes are preferably formed of a corrosion-resistant material 
inewansofth groove may be previously recessed at the electrode positions, so that the electrodesl^/ch 

r^JT 9 r" H ^ " 0t t0 fmp8de the flow of a "**» -»*• through fte Xe Sh ' 

timTSZZ&T- ^ ^ * SUbS,rate 8UrfaCe to connect * e e ' »» respective contact 

L tUm downwards as 8h °w". so that the device may be plugged mto a stendart 

Figure 3 b a schematic plan view of an alternative form of sensor device 7. A groove 8 is fanned in a sub- 
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strate 9, and electrode pairs 10 are provided at the groove walls as before. However, in this case the electrodes 
are not equidistantfy spaced along the length of the groove. In order to achieve a maximum number of measure- 
ment positions and a configuration more in keeping with the expected progress of the separation function of 
the groove, successive electrode pairs are spaced apart at distances of 1 unit, 2 units, 3 units, 4 units, and so 

5 on. If desired, the contact pins or pads could be equally spaced along the substrate to facilitate their connection 
to the monitoring circuitry. 

Wells 1 1 and 12 are provided at opposite ends of the groove 8 to facilitate the introduction of the sampl 
fluid into the groove and its collection after passing along the groove. Electrodes are preferably provided in the 
wells for electrophoresis purposes. 

10 Figure 4 shows an alternative configuration of sensor device 1 3 in which a groove 14 is formed in serpentine 

fashion in a substrate 15. This appreciably Increases the length of the groove. The electrode pairs may be equ- 
ally spaced or unequally spaced along the length of the groove. Wells are provided at the ends of the groove. 

Referring to Figure 5, in another alternative configuration a sensor device 16 comprises a substrate 17 in 
which three parallel grooves 18-20 are formed and associated electrode pairs are provided. A well 21 formed 

15 in the substrate for receiving a sample fluid is common to the three grooves 18-20. The well 21 is connected 
by grooves 22,23 and 24, respectively, to wells 25,26 and 27 with which the ends of the grooves 18,19 and 
20, respectively, communicate. The wells 25-27 are provided to receive an enzyme material, as will be exp- 
lained later. Wells 28, 29 and 30 are provided near the other end of the substrate 17 to receive sample fluid 
after it has flowed through the grooves 1 8, 1 9 and 20, respectively. This arrangement allows two sample fluids 

20 and a reference fluid to be derived from the fluid fed into the well 21 and to flow through the device simul- 
taneously. Alternatively, the grooves may be used for simltaneous measurement of a number of different indi- 
cating chemicals. The device may alternatively have any other required number of parallel grooves. For 
example, six grooves might be used for measurement, respectively, of levels of potassium, sodium, creatinine, 
urea, C1~ and HC0 3 in a blood sample, as would be required for the diagnosis of kidney disease. 

25 In each of the above-described embodiments the grooves are filled with a substance which causes them 

to act as chromatographic separating columns. The grooves contain a biological material, such as a binding 
protein, antibody, lectin, enzyme or sequence of enzymes, lipid or any other chemical which interacts sel ctively 
and reversibly with the substance which is to be separated. The grooves may be lined with the material, or the 
grooves may be packed with a gel to which the material is attached. The gel may be, for example, a carbohy- 

30 drate e.g. starch , agarose, alginate, carrageenin, a polyacrylic polymer, or an inorganic gel. Alternatively, the 
electrodes may be amperometric enzyme electrodes deposited by micro-fabrication techniques. 

If the sample fluid is a liquid or, more particularly, a gas containing different anisometric molecules, an 
appropriate chromatographic substance is a liquid crystal polymer in which the liquid crystal forming molecules 
are attached as side-chains to the polymer by flexible spacers. The sensor is then preferably operated in th 
35 temperature range within which the polymer is in a liquid crystal phase, although separation is improved by 
use of a liquid crystal polymer even in its isotropic phase. One example of a class of liquid crystal polymers 
suitable for use in the present Invention Is the mesomorphic polysiloxane (MEPSIL) polymers described by G. 
M. Janini, R. J. Lamb, J. W. Pumell and O. S. Tyagi in their article "Physlcochemlcal Studies and Analytical 
Applications of Mesomorphic Polysiloxane (MEPSIL) Solvents by Gas-Liquid Chromatography" published as 
40 Chapter 14 in "Side Chain Liquid Crystal Polymers" (edited by C. B. McArdle; Blackie, 1 989). Separations using 
liquid crystalline chromatographic substances show particularly good resolution because the interactions be- 
tween molecules in the sample and the liquid crystal side chains are very dependent on geometrical shape. 
Liquid crystals aire therefore particularly suited to separating geometrical isomers or other very similar pairs of 
molecules. 

45 The most appropriate method of ionic species resolution is exploitation of ion chromatography. This tech- 

nique is a special version of high performance ion exchange chromatography by which ionic and ionizable sol- 
utes can be separated by differences In the electrostatic interaction with an ionizable stationary phase. The 
detection of the ionic species separated chromatographically is achieved using the pairs of electrodes config- 
ured as a conductivity device. 

so Any of a number of types of stationary phase may be inserted into the microgrooves in order to make them 

effective in resolving isocratically a mixture of mono- and divalent cations and anions. Such phases include 

(i) Polystyrene-divlnylbenzene (PS-DVB). Chemical modification of th polymer allows preparation of anion 
or cation xchange stationary phases with excellent pH stability in the range 0-14. 

(ii) Silica-based Ion xchange phases. Sllanised silica or polymer-coated sBica are eff ctive phase media 
55 for ion chromatography. For exampi , a layer of the co-polymer pdybutadiene-maleic acid (PBDMA) depo- 
sited n the wails of the groove or grooves in various thicknesses and then cross-linked by a peroxid 
initiated radical chain reaction via the in-chain double bonds yields an insoluble film capable f serving as 
a stationary phase for ion chromatography. 
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05) Sn.ca-bonded macrocydes. The attachment of macrocycles such as the crown ethers to silica makes 
posnble redesign of systems capable of the selective and quantatlve removal of cations from aqueous 
solutions. Immobilisation of 18-crown-6 to the silica walls of the groove at an appropriate ligand density 
should permit socratic separation of the complementary cations. Isocratic separation is a type of 
chromatography in which all solutes are separated by their affinity for a solid phase with a fixed running 

Crv) Natural carboxylic polyether antibiotics. The carboxyiic polyethers are a class of antibiotics produced 
Zr^l! St ™ ptomyces s P ecies containing heterocyclic rings and a variety of functional oxygen atoms 
of me carbonyt. carboxyl. ether, hydroxy! and ketone types. Such compounds are capable of forming selec- 
tive complexes with alkali-metal and alkaline earth metal cations. Hence, the carboxyl ethers ionomycin 
lasaJocid. monensln. nkjericin and salinomycin may be covalently bonded to silica and used for the resoU 
3D utfon of complementary ions. 

(v) Electrosynthesised chromatographic stationary phases. Electrochemical synthesis of ion 
chromatography stationary phases has a number of distinct advantages over the above procedures- thus 
£ raP . 8nd easy co,umn PWmtox*' easy modification of the stationary phase, production of a 
raproduable physical and chemically stable polymer and accurate control of stationary phase thickness 
25 and composition. Polypyrrole. incorporating various polymeric counter-anions such as CM-dextran dext- 

raiiHsulphate heparin, gelatin or alginate may prove particularly effective since it could be deposited in a 
controlled fashion between the pairs of electrodes. Similarly; pofypyrrole-immobilised polyether antibiotics 
or macrocycles could prove an effective alternative. 
_ P? ^ P?^' metabolites required for a kidney function test device as mentioned above are urea and 

* metab °' iteS wi " be h y dronsed to NH * + »* respective hydrolases, urease and cTaS- 

urease 

* urea + 3H 2 0 2NH 4 + + HC0 3 - + OH" 

creatinine 

creatinine NH^ + + N-methylhydantoin 

i iminohydrol ase 

"^"".IT !i^. ted NH * +Wi " 048 esKmated by ion chromatography on PBDMA-coated silica orone of the alter- 
natives listed in (m/) above. Enzymes will be chemically cross-linked in the sample wells of Figures 3 and 4 
? •!!? m ! we,ls t 25 " 27 <* Fi 9 ure 5 <* between the pairs of electrodes via entrapment in electrochemically 
deposited polypyrrole. Alternatively, a small "slug- of electrochemically deposited enzyme could be deposited 
mlowajr down the length of the groove such that (he first half of the groove monitors the background conduct- 
ance whilst the urea level is monitored by the increased steady slate conductance level as the sample con- 
bnuously passes through the enzyme "slug". 

ln ° p ^" on 01 me above-described devices, a liquid, such as Wood, which is to be analysed is fed into 
one end of the groove or grooves and is separated into its components by th substances contained in the 
grooves. The components are then analysed as they pass the electrodes n the groove wall 

The mlcrofabrication techniques may alternatively be used to fabricate microseparation structures based 
ncapHlary chromatography, electrophones is or iso-electric focussing. Miniature fluid handling and metering 
devices, pumps and valves may also be provided on th substrate by similar techniques. The devices may also 
ndude a micramachined structure to feed a fJtered predetermined amount of sample fluid into the groove or 
groovss. 0 

-i„-!li? J Ure60ftt18 draW,n9S ^schematic block diagram of circuity for processing the outputs from the sensor 
electrodes. Th sensors hav airKiltiplteiryofelec^des.fwexam^ 
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it is necessary to read the impedance between all the electrodes on one side of a gro ve and all the electrodes 
on the other side in less than 10 seconds. The processing system must therefore be capable of switching rapidly 
between electrodes, without causing any electrochemical effects. 

This rapid switching is accomplished by using a microcomputer 30 to control a set of analogue switches. 

s The signal applied to a selected transmitting electrode on one side of the groove is a reactangular dc pulse. 
800mV high and 120|is wide. The signal received by the selected receiving electrode on the other side of the 
groove is an attenuated version of the applied pulse, and the degree of attenuation will be determined by the 
conductivity of the media between the selected electrodes. The media conductivity has many components, and 
these are to be studied, but other variables Involved In conductivity measurements such as surface area of th 

10 electrodes and distance between them remains constant. The received signal differs in appearance from the 
applied signal in that It will be reduced in total height and the waveform will be rounded off due to capacitiv 
effects at the electrode surfaces. In order to produce a detailed analysis of the received signal, sample and 
hold circuitry is used such that data can be captured at time intervals (20us) from this signal. 

The signals are fed to the selected transmitted electrodes via an analogue multiplexer 31. and the signals 

is from the receiving electrodes are fed back to the microcomputer via an analogue demultiplexer 32. The selec- 
tion of the transmitting electrodes is effected digitally by a 4-bit output latch 33 and the selection of the receiving 
electrodes is effected by a 4-bit input latch 34. The signal pulse train is fed to the multiplexer 31 via a buffer 
and scaling circuit 35. The pulse train is obtained from the 0 bit of an 8-bit computer control byte over a line 
36 The signals from the receiving electrodes are fed from the demultiplexer 32 to the microcomputer via buffer, 

20 differential amplification and scaling circuitry 37. sample and hold circuits 38-41 and an A/D converter 42. Th 
signal from eath receiving electrode is subtracted from the transmitted signal in the circuitry 37. The difference 
signal is amplified and is fed to the sample and hold circuits. The instant of sampling is controlled by a 4-bit 
latch 43 

The other bits of the 8-bit control byte are operative as follows. Bits 1. 2. 3 and 4. on lines 44-47. respect- 
as ively. control the selection processes at the latches 33. 34 and 43. Bits 5 and 6 on lines 48 and 49 are fed to 
a 2-4 decoder 50 which determines which of the latches 33. 34 or 43 is to be operative at any instant Bit 7 on 
a line 51 controls a relay 52 which applies a voltage from an external source to the electrodes in order to facilitate 

electrophoresis. • , , . 

In operation of the system, the computer sends out. via an interface adaptor 53. the address of the s lected 

so transmitting electrode, as four bits, using bits 1 and 4 inclusive. The data are applied to the data latches 33. 
34 and 43. Bits 5 and 6 carry the address of the output latch 33, which is selected by the decoder 50. Th four 
bits selecting the transmitting electrode are thus transferred to the multiplexer 31. 

The receiving electrode is then selected in the same manner, its 4-bit address being determined by bits 
1-4. and is latched through the input latch 34 by decoding bits 5 and 6 in the decoder 50. 

35 When the transmitting and receiving electrode pair has been selected, bit 0 goes high, and acts as the 
source of the signal to be applied to the transmitting electrode. Bits 5 and 6 are set such that they do not select 
any of the latches. The buffer and scaling circuit 35. consisting of simple operational amplifiers, reduces a5volt 
output signal applied from bit 0 to 800mV and this Is fed to the multiplexer 32 and thence to the selected elec- 
trode. The signal is also applied to the differential amplifier circuitry 37. The signal received by the s lect d 

40 receiving electrode passes through the demultiplexer 32 and isfed to the buffer, differential amplifier and scaling 
circuit 37 and then to the inputs of the four sample and hold circuits 38-41 . (Bit 0 is still high at th is point). 

While the bit 0 is held high, one of the sample and hold circuits 38-41 Is selected by setting the bits 1 to 4. 
The sample and hold latch 43 is then selected by bits 5 and 6 to enable the latch, and thereby store the output 
from the analogue circuitry. This is repeated to capture the analogue data on the next sample and hold circuit 

45 The sample and hold circuits may be enabled at for example. 20 usee intervals. 

When all four sample and hold circuits 38-41 have data stored in them, the control byte is set to 0 (unless 
the relay 52 is enabled by the bit 7) thereby removing the applied analogue signal. The data from each sample 
and hold circuit is read into the four channels of the A/D converter 42. The next transmitting electrode can then 
be selected by repeating the steps described above. 

so As an example, let us assume that a signal Is to be fed to the third transmitting electrode in the sequence 

and that a signal is to be received on the sixth receiving lectrode. The codes to be produced by the micro- 
computer will be as set out in Table 1 below. 
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Tabic 1 

Control Byte Bit Number 


7 

6 

5 4 

3 2 

1 0 


0 

o 

0 0 

0 

1 

1 0 

Select third transmitter electrode 

0 

o 

1 0 

0 

1 

1 0 

Send to miltiplexer 31 by enabling 







output latch 33 (address 1) 

o 

o 

0 0 

1 

1 

0 0 

Select sixth receivina electrode 

o 

1 

0 0 

1 

1 

0 0 

Send to denult Iolexer 32 bv enablina 







inout latch 34 ( address 2^ 

n 
u 

Q 


0 

0 

0 1 

"rr • J CLIlCIUyUC digital IU C f alio III I I vci 







e i e c v roae 

0 

0 

0 0 

0 

0 

1 1 

Select sanple and hold circuit 38 

0 

1 

1 0 

0 

0 

1 1 

Enable from sanple and hold latch 43 

0 

0 

0 0 

0 

1 

0 1 

Select sanple and hold circuit 39 

0 

1 

1 0 

0 

1 

0 1 

latch as above 

0 

0 

0 0 

0 

1 

1 1 

Select sample and hold circuit 40 

0 

1 

1 0 

0 

1 

1 1 

latch as above 

0 

0 

0 0 

1 

0 

0 1 

Select sanple and hold circuit 41 

0 

1 

1 0 

1 

0 

0 1 

latch as above 

0 

0 

0 0 

0 

0 

0 0 

All off 

1 

0 

0 0 

0 

0 

0 0 

Relay 52 on 


The circuitry described above has been designed to provide a measurement system capable of monitoring 
the bulk impedance of any media which may be found between the electrodes of a micro-el ectrode anay. Con- 
ventional methods of measuring impedance in this type of environment require an alternating current source 
of very low voltage to be applied across a pair of electrodes which together with the separating media form one 
arm of a bridge circuit In order to achieve steady readings, the bridge circurt automatically adjusts until balance 
Is achieved. During this adjustment period, energy is continually applied to the measuring electrodes, inducing 
local heating due to the very small electrode area, and possibly causing some electrochemical effects. Switch- 
ing electrodes in and out of a measurement system will cause local effects, changing the impedance measure- 
ment itself and increasing the length of time required by a bridge circurt to balance. 

The measurement system described herein alleviates these problems associated with the conventi nal 
methods. 

It would be possible to form the sensor devices described above as two identical mlcromachlned subs- 
trates, which are then bonded together, face to face, to form an enclosed device. Alternatively, a cover plate 
might be bonded to any of the devices to cover the grooves. 

Claims 

1 . A sensor device for analysis of a sample fluid, characterised by a substrate (2;9; 1 5;1 7); at least n elon- 
gate channel (3; 8; 14; 18-20) micromachined in a surface of the substrate and containing a material to cause 
separation of said sample fluid as the fluid passes along the channel; and a plurality of sensing electrode 
pairs (4; 10) spaced apart along the channel, the electrodes of each pair being located opposite each other 
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at opposed sid walls of th channel. 

A device as claimed in Claim 1, characterised in that the or each channel (3;8;14;18-20) Is pack d with a 
gel; and in that the material to cause separation comprises a biological substance which is attached to the 
gel. 

A device as claimed In Claim 2, characterised in that the gel comprises starch, agarose, alginate, car- 
rageenln, a polyacrycJic polymer or an inorganic gel. 

A device as claimed in Claim 1, characterised in that the walls of the or each channel (3;8;14; 18-20) are 
coated with a biological substance. 

A device as claimed in Claim 1 v characterised in that the or each channel (3;8;14; 18-20) contains a body 
of a biological substance. 

A device as claimed in Claim 1, characterised in that the or each channel (8; 14; 18-20) communicates with 
a well (11 ; 25-27) formed in the substrate (9;15;17) and containing a biological substance. 

A device as claimed in any one of Claims 2-6, characterised in that the biological substance comprises a 
substance which Interacts selectively and reversibly with the sample fluid. 

A device as claimed in Claim 7, characterised in that the biological substance comprises a binding protein, 
an antibody, a lectin, an enzyme, a sequence of enzymes, or a lipid. 

A device as claimed in any one of Claims 2-7, characterised by a plurality of said channels (18-20) and 
associated electrode pairs to receive a sample of blood and to effect separation and analysis of components 
of the blood sample, whereby an indication is provided of correctness of operation of a function of a body 
from which the blood sample is taken. 

30 10. A device as claimed in Claim 9, arranged to determine urea and creatinine content of the blood sampl for 
testing kidney function. 

11. A device as claimed in Claim 1, characterised In that the material to cause separation comprises a liquid 
crystal material. 

35 

12. A device as claimed in Claim 1 1 , characterised in that the liquid crystal material comprises a mesomorphic 
polysiloxane polymer. 

13. A device as claimed in Claim 1, characterised in that the material to cause separation comprises polys- 
40 tyrene-divinylbenzene. 

14. A device as claimed in Claim 1, characterised in that the material to cause separation comprises a silica* 
based ion exchange phase. 

45 15. A device as claimed in Claim 14, characterised in that the silica-based ion exchange phase is provided by 
depositing a layer of the co-polymer potybutadiene-malic acid on the walls of the or each channel (3;8;14; 
1 8-20) and cross-linking said layer by a peroxide-initiated radical chain reaction. 

16. A device as claimed in Claim 1, characterised in that the material to cause separation comprises a silica- 
so bonded macrocycie. 

+■ 

17. A device as claimed in Claim 16, characterised in that the macrocycie comprises a crown ether. 

18. A d vice as claimed in Claim 1, characterised In that the material to caus separation comprises a car- 
55 boxyiic polyether antibiotic. 

19. A device as claimed in Claim 18, characterised In that the antibiotic comprises ionomycin, lasalocid, monen- 
sin, nigericin or salinomycin, covalently bonded to silica. 


10 4. 


5. 


15 


20 


25 9. 


7 


EP 0 455 508 A1 


20. A device as claimed in Claim 1, characterised in that the material to cause separation comprises an eiec- 
trosynthesised chromatographic stationary phase. 

21. A device as claimed in any preceding claim, characterised in that the or each channel (3;8;14; 18-20) is 
formed by a chemical or physical etching process. 

22. A device as claimed in any preceding claim, characterised in that the separation is effected by capfflary 
chromatography, electrophoresis, or iso-efectric focussing. 

23. A device as claimed in any preceding claim, characterised in that the electrode pairs (4)are equally spaced 
apart along the or each channel (3). 

24. A device as claimed in any one of Claims 1-23, characterised in that the spacing between adjacent elec- 
trode pairs increases from one end of the or each channel (8) to its other end. 

25. A device as claimed in any preceding claim, characterised in that the substrate (2;9;15;17) is formed f 
siioon, glees or ceramic. 

26* A device as claimed In any preceding claim, characterised In that contact pins (6) are connected to res- 
pective ones of the electrodes (4), the contact pins being configured for insertion into a dual-in-line inte- 
grated circuit holder. 
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Fig. 3. 
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Fig. 4 . 
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Fig. 5. 
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